Abstract: A luminescence database for minerals and materials has been complied from the literature, the aim being to create a resource that will aid in the analysis of luminescence spectral of ionic species in minerals and materials. The database is based on a range of excitation techniques and records both major and minor lines, and their activators. The luminescence techniques included in the database are cathodoluminescence, ion luminescence, and photoluminescence. When combined with other traditional X-ray measurements collected on the same region, use of the luminescence database will give additional insight into the chemistry of minerals and materials.
INTRODUCTION
Minerals and materials can luminescence when they are exposed to an electron, X-ray, ion, or photon beam. Luminescence is generally associated with light in the ultraviolet UV! to infrared~IR! region and can exhibit both broad and narrow band spectra. From the spectra it is possible to identify both the activators responsible for the luminescence and their charge states. A large number of research groups routinely employ luminescence analysis as a key macro-and micro-characterization techniques in the study of minerals and materials.
For many years the microanalyst has had available KLM lines for identifying peaks in X-ray spectra; however, no such tool has been available for luminescence generated by electrons, light, protons, or ions. To address this problem a luminescence database of lines has been compiled that contains over 1,000 lines or bands from over 70 minerals and synthetic materials. In this article the luminescence database is described, and in a subsequent article software tools and web access will be described. It is the authors' intention to make the database easily accessible and provide a procedure for external users to add new lines and spectra from minerals and materials.
A number of minerals have distinguishing luminescence properties. These include: diamond, sulphides~chalco-cite, sphalerite!, oxides~periclase, corundum, cassiterite!, halides~fluorite, halite!, sulphates~anhydrite, alunite!, wolframates~scheelite!, phosphates~apatite!, carbonates~cal-cite, dolomite, magnesite, witherite!, or silicates~albite, feldspar, quartz, zeolites, kaolinite, forsterite, zircon, garnet, titanite, thorite, willemite!. The presence of luminescence, in many cases, allows rapid identification of the different mineral constituents using cathodoluminescence microscopy. This is particularly important if samples consist of fine-grained material and/or of minerals with similar optical or crystallographic properties. These grains can then be further characterized by electron microprobe or optical microscopy.
Furthermore, many of the phases occurring in ceramics Hagni & Karakus, 1989 !, glasses, refractory materials~Kara-kus, 2005 !, and biomaterials show distinct luminescence properties allowing a rapid identification of phase distribution and transformations. Luminescence spectroscopy is particularly important in the characterization of materials that contain significant proportions of noncrystalline components, multiple phases, or low concentrations of mineral phases.
LUMINESCENCE FUNDAMENTALS
Characteristic X-ray lines result from core level transitions, while the generation mechanism for luminescence is more complex. Characteristic X-rays are largely unaffected by bonding as the core orbitals do not take part and therefore a particular elemental transition is independent of the host lattice. However, the luminescence emission is sensitive to material composition and structure of the host lattice, because it originates from effects such as conduction to valence transitions and phonon modes~Marfunin, 1979!. This makes luminescence sensitive to subtle effects such as trace level dopants and their valence, the host lattice, and quenching ions. This sensitivity results in luminescence providing extremely useful characterization information, but its interpretation is more difficult than that of characteristic X-rays.
Dopant Ions
Minerals and materials often contain optically active dopants ions. Generally there are considered to be three types of dopant ions that influence and determine the net emission of a particular mineral. They are referred to as activators, sensitizers, or quenchers. Activators produce emission by releasing the absorbed energy as photons. The most common activators are transition metal ions such as Cr , Fe 3ϩ~G otze, 2002!, and rare earth elements~Marfunin, 1979!. Sensitizers are ions that work in combination with an activator by absorbing the energy and subsequently transferring the energy to the activator. Quenchers trap part or all of the absorbed energy resulting in nonradiative decay of the energy. As a result, quenchers tend to eliminate the emission of light from minerals. The presence of the quencher causes new closely spaced energy levels to be set up, and the electron can easily return to the ground state with the emission of a succession of lowenergy photons~IR! or by losing energy to the lattice as heat Marshall, 1988 !. An example of a well-recognized quencher ion in minerals is Fe 2ϩ .
Types of Emission
Luminescence emission is generally grouped into two types: intrinsic and extrinsic. Intrinsic luminescence is native to host materials and involves band-to-band recombination of electron and hole pairs. Intrinsic luminescence emission may also be associated with lattice defects~anion vacancies! within the minerals or material. This type of luminescence is also referred to as "defect center" luminescence. The second type of emission, referred to as extrinsic, is the most common form of luminescence. Extrinsic emission is attributed to the presence of trace element impurities, transition metal, and rare earth ions. This type of luminescence is referred to as an "impurity center."
The emission process involves an electronic transition from an excited state~E e ! to a lower energy level or ground state~E g !. When an electron beam interacts with a surface and produces light, this process is known as cathodoluminescence~CL!. Similarly, an ion beam interacting with a surface and producing light is often referred to as ion luminescence~IL!. Emission occurring when a photon beam interacts with a surface is referred to as photoluminescencẽ PL!, and for X-ray beams the process is referred to as roentgenoluminescence. Cathodo-and photo-luminescence are the most effective methods of observing the glow of minerals, roentgenoluminescence and ion luminescence playing a lesser role. The cathodoluminescence acquires additional importance in connection with the use of X-ray microanalyzer in which an electron probe induces the glow 
Generation of Luminescence
Cathodoluminescence can be observed with a variety of electron beam instruments~Petrov, 1996!. One simple type of instrument is the electron beam flood gun that mounts directly onto the optical stage of a petrographic microscopẽ Marshall, 1988 !. Another approach is to mount a spectrometer onto a scanning electron microscope. This typically collects light with a mirror that is usually on a retractable arm, and the light is measured using a grating-type spectrometer~Katona et Vernon-Parry et al., 2005!. A more recent approach is to integrate cathodoluminescence capture into an electron probe microanalyzer using the existing collection optics and to employ an optic fiber coupled to a CCD spectrometer to measure the luminescence~MacRae et al., Edwards et al., 2003 !. All these collection systems measure cathodoluminescence with differing lateral and spectroscopic resolutions. They each have their own benefits and virtues.
Photoluminescence spectra can be induced by monochromatic light in the band of the ion absorption or by means of UV radiation with a spectrum necessary to excite the ion absorption bands. Ultraviolet radiation is necessary to excite the ion up to energy levels lying above the emission level, which is usually in the visible to near IR regioñ Marfunin, 1979!. 
Other Effects
Luminescence lifetime or decay time can provide information on the nature of the center and is a measure of the transition probability from the emitting state. The transition probability is unique for each center and therefore can be used to differentiate centers. Time-resolved luminescence spectra have been studied using pulsed or chopped electron or laser-induced excitation and lock in amplifiers coupled to spectrometers to measure the decay spectra~Gorton et al., 1997; Pagel et al., 2000; Edwards et al., 2003; Merano et al., 2005!. Polarized luminescence has been observed with cathodoluminescence, and this can enhance differentiation of minerals and materials and offers information about site symmetries of the luminescence centers~Gorz et al., 1970; Chandrasekhar & White, 1992 !. The database does not indicate whether minerals or materials have polarized emission. Only a few studies have considered this effect; for example, information on polarization has been studied in silicates~Bhalla & White, 1970 , 1972 Gorz et al., 1970; Chandrasekhar & White, 1992; Remond et al., 2000!, and diamonds~Kiflawi & Lang, 1974!. The intensity of luminescence varies as a function of sample temperature. Typically, temperature quenching of the luminescence arises at high temperature because of the increased probability of nonradiative transition from the excited to the ground state. Some samples will show an increase in intensity with decreasing temperature. While peaks shapes are narrower at lower temperatures, they can also shift with temperature~Lozykowski et al., 1999!. The luminescence decay time can also alter at low temperatures; for example, in calcite the Mn 2ϩ peak has a measurably shorter decay time at lower temperature~Mason et al., 2005!.
Temperature is not the only mechanism that can affect positions and intensities of luminescent lines. Some cathodoluminescence measurements performed using intense electron beams can cause disruption within the mineral or material by such processes as heating, sputtering, or ion migration. These disruptions can lead to modified spectra and sometimes to rapid decreases in intensity with time of bombardment. Some spectra may have been collected with long dwell times leading to the recording of only the slow decay processes as the faster ones have been extinguished. Spectra collected on beam sensitive materials can be done routinely with automated collection systems~Lee et al. 
SCOPE OF THE LUMINESCENCE DATABASE
The luminescence database encompasses an extensive range of lines from minerals and materials that have been reported in the literature. Previously, a number of smaller tables have been constructed but these usually focused on specific minerals or materials~Marshall, 1988; Yacobi & Holt, 1990; Stevens-Kalceff & Phillips, 1995; Pagel et al., 2000; Gaft et al., 2005!. While the database presented here is not exhaustive, it nonetheless provides a powerful resource. The lines in the database are listed as given in the cited publications and, when reported, the full width at half maximum~FWHM! of the peak has also been listed in brackets after the line. In addition, for publications that did not report the FWHM but gave spectra, we have measured and included it where possible.
Effects not recorded in the database but that may modify the luminescence spectra include luminescent decay, polarization, and temperature. While these all provide additional information about the material, they are outside the scope of the database, which is aiming to provide only an initial identification of the line.
In general, the samples analyzed by cathodoluminescence in this database were carbon-coated polished sections. It is worth noting that these carbon films have the ability to change intensity of cathodoluminescence peaks. Further, the types of optical components such as mirrors, lenses, fibers, and optical spectrometers employed to measure many of the luminescence spectra were not necessarily corrected for their optical response, and this can lead to shifts in the maximum intensity of peaks and their shape. Errors in detection of luminescence for UV emitting materials may also have arisen in some measurements due to the use of glass in many older style spectrometer systems. Glass has strong absorption of UV, and emission lower than 350 nm is difficult to observe.
THE LUMINESCENCE DATABASE
The luminescence database is structured to provide luminescence information on an extensive list of minerals Table 1 ! and nonminerals~Table 2!. Information provided includes the particular elemental or molecular activator~s!, ionic charge~s!, experimental temperature, technique employed to measure the luminescence, and the associated reference. A determination of the line intensity, where possible, has also been made to aid in the interpretation of luminescence spectra, with major lines listed in bold. When available the FWHM of the line has been included; however, if the line is nonsymmetric, a measure of the bandwidth is recorded. In all cases the reference to the line or band is included, which in most cases contains original spectra and further interpretation. Wherever possible a number of luminescence techniques~photoluminescence, cathodoluminescence, ion-luminescence, thermal luminescence, and proton luminescence! have been included for each mineral and material to provide the researcher with a range of techniques offering differing sensitivities and resolutions. This should aid in the determination of crystal field information regarding the coordination of the activator and its ionic charge. This is particularly important where quantitative spectroscopic luminescence studies are being undertaken~Habermann, 2002!. In addition, the instrumental technique used to excite the luminescence is recorded, where known. For example, cathodoluminescence has been categorized into scanning electron microscopy~SEM!, optical microscope~OM!, transmission electron microscopẽ TEM!, while photoluminescence has been divided to UV, laser induced~L!, photoluminescence~PL!. Other methods recorded are thermal luminescence~TL!, proton or ion luminescence~IL!, and X-ray excited luminescence~XL!. Where emission is known to be cathodoluminescence in origin but unknown instrumentally, it has been listed as OM cathodoluminescence; similarly where the photoluminescence is unknown in detail, it is listed simply as photoluminescence.
Where site specific information about the location of the ionic species is described, it has been included. For example, beryl can be activated by Cr 3ϩ in two specific sites and these give rise to different lines Similarly Eu 3ϩ in calcite can sit in one of two Ca sites referred to as Ca~I! and Ca~II!, giving rise to different peak positions. Where the activator is not simply an ionic species but a form of intrinsic excitation, then additional information about the origin of the luminescence has been included where it is commonly employed, e.g., quartz activators. In the wide number of ϩ have all been used to describe the intrinsic luminescence and are recorded in the database. Historically, where a mineral has had significant interest and study, such as diamond, then other terms have been introduced to describe the luminescence origin. In diamond the usual designation of center in the infrared spectra is labeled A, while the usual designations of the luminescence and absorption centers are labeled H3, S3, and GR1. These have all been recorded within the luminescence database.
One of the key points that luminescence database demonstrates is that many activators change their emission wavelength or energy depending upon the structure type, symmetry, and associated atom, thus reflecting the local crystal field information. For example, the activator Yb 2ϩ has been studied in a range of materials, and peak shifting has been attributed to local crystal symmetry~Dorenbos, 2003!. This illustrates the importance of knowing the local 
CONCLUSIONS
The analysis of luminescence spectra of ionic species in minerals and materials can be enhanced by the ability to inspect major and minor lines in the luminescence database. Understanding of the factors that control luminescence activation and quenching in minerals and materials is also possible by studying shifts in peak position and intensity with structural variation. This is important where new minerals or materials are being analyzed. Continuing developments in the understanding of the origin of lines and spectral features will aid in the quantification of luminescence spectroscopy. Through the use of the luminescence database, additional insight into the chemistry can be gained and by combining with other traditional X-ray measurements collected on the same region, will result in faster understanding of minerals and materials. The wealth of information presented in this luminescence database indicates that a large number of research groups routinely employ luminescence analysis as a key macro-and microcharacterization technique in the study of minerals and materials.
A subsequent article will describe software tools and Web access to the database. It is the author's intention to make the database easily accessible and provide a procedure for external users to add new lines and spectra from minerals and materials.
